Introduction
Seckel syndrome (SCKL) is characterized by microcephaly, low birth weight-type proportionate dwarfism, and a birdlike head (SCKL [MIM 210600]). Mental retardation is present, but to a much lesser degree than would be expected in view of the very small skull. Some patients exhibit additional clinical findings such as large bulging eyes, cleft palate, skeletal or dentition abnormalities, ocular manifestations, pancytopenia, and chromosome instability. In view of the wide clinical heterogeneity, Di Blasi et al 1 suggested that the syndrome was overdiagnosed and that only 19 of the 44 cases reported since HPG Seckel described the syndrome in 1960 2 were truly Seckel. On the other hand, Arnold et al 3 suggested that SCKL represented a spectrum of Seckel disorders. The syndrome is inherited in an autosomal recessive fashion and very rare, as only less than 25 families with two or more affected siblings have been reported. Emergence of genetic heterogeneity was not a surprise, since the phenotypic heterogeneity was known to be high and a wide spectrum of clinical findings have been reported. Autozygosity mapping in two Pakistani families from the same village revealed the first gene locus SCKL1 in a 12-centi Morgan (cM) region at 3q22.1 -q24, 4 while a second locus SCKL2 was identified at 18p11.31 -q11.2 (30 cM) in a consanguineous family of Iraqi descent. 5 In addition, O'Driscoll et al 6 identified mutations in the DNA ligase IV gene in three unrelated patients, all with Seckellike features and pancytopenia, and designated the locus LIG4. We studied 13 unrelated Turkish Seckel families, 10 of which were informative, and report here a novel locus at 14q23, which we designated SCKL3. Intriguingly, an affected sib pair was homozygous at both SCKL1 and SCKL3. Another family was indicative of linkage to SCKL2.
Materials and methods

Subjects
We studied 13 unrelated families. They originated from different parts of the country, with the exception that two originated from the same province, but different towns. There were 18 patients in total, nine males and nine females. DNA analysis DNA was extracted from peripheral blood samples using standard methods. The genome scan was performed using The alleles for the markers were resolved on 8% denaturing polyacrylamide gels and visualized by staining with silver nitrate, as described previously. 7 
Statistical analysis
Linkage analysis was performed under the assumption of autosomal recessive inheritance, full penetrance, a disease gene frequency of one in 100 000, consanguinity, and equal frequencies of marker alleles. The number of alleles for each marker was the number of different alleles observed in all families together. Two-point lod scores were calculated using the MLINK program of the FASTLINK 4.1 package. The LINKMAP program of the same package was used for multipoint parametric linkage analysis at SCKL3 allowing for locus heterogeneity. GENEHUNTER version 2.0 beta was used for calculating the multipoint lod score of Family 1 at SCKL1 and construction of haplotypes of all families, allowing minimum number of recombination events.
Results
We first carried out autozygosity mapping in the affected sib pairs of Families 1 and 2, both with parental consanguinity, for the purpose of localizing the gene responsible for the syndrome. The loci for all markers exhibiting shared homozygosity in a sib pair were further analyzed to investigate whether the parents were informative, the unaffected siblings had different genotypes than the patients, and the patients were also homozygous for the nearby markers. Marker D14S592 in the screening set and the close-by marker D14S586 pointed out to a novel gene locus. Each sib pair shared haplotypes, while the genotypes of the unaffected siblings were different, supporting linkage to this locus at 14q, which we designated SCKL3. All remaining markers for which the patients were homozygous turned out to be identical in state.
Genotyping with markers that flanked D14S586 and D14S592 narrowed down the maximum region of homozygosity to 1.18 cM between markers D14S1429 and D14S997. Marker D14S586 had not been assigned to a contig (GenBank), but reported by GDB to be 0.66 Megabases (Mb) away from D14S592 and 0.49 Mb by UCSC Genome Bioinformatics. We analyzed the remaining families for the locus also. Two other sib pairs, one in Family 3 (with parental consanguinity) and the other in Family 4 (with reportedly nonconsanguineous parents who had their origins in the same geographical region) were also found homozygous for both the markers. The remaining sib pair (Family 8) was homozygous for D14S592 only, while both parents (first cousins) and the unaffected sister were heterozygous. All available unaffected sibs in these families that suggested linkage to SCKL3 (Families 1 -5) had genotypes different from those of their affected siblings. The remaining families all had single affected sibs and were genotyped for the two markers delineating the maximum homozygosity region and the two markers that flanked them. Two of the single affected sibs (Families 5 and 6) were homozygous for both markers and one (Family 7) for D14S592 only. Only one of those (Family 5) was reported to have parental consanguinity. The haplotypes Families 6 and 7 with single affected sibs were uninformative, as no parental consanguinity had been reported. Family 8 was negative for the former marker and positive for the latter. It was considered not linking to the locus, since multipoint analysis yielded a negative lod score. The reason for this result was that a crossover between the two closely located markers was unlikely in first-degree consanguinity. The highest multipoint lod score between D14S586 and D14S592 was for Family 2 (2.99). All 13 families were subjected together to linkage analysis. Assuming homogeneity, a maximum lod score of 0.89 was obtained with D14S592 (Table 3) , and allowing heterogeneity, 4.23. Multipoint analysis using four markers at a time produced additional support for locus heterogeneity: the maximum multipoint lod score under homogeneity was o2; whereas, when heterogeneity was allowed, a maximum Lod2 of 3.6 was obtained between D14S586 and D14S592 (alpha ¼ 0.55). The gene locus was identified as the 1.18-cM interval between markers D14S1429 and D14S997. While autozygosity mapping was in progress, the first locus for Seckel syndrome (SCKL1) was reported. 4 We had already detected autozygosity at the locus in the affected sib pair in Family 1 and used markers at 1 -1.5-cM spacing to determine the extent of homozygosity. The maximum region of homozygosity was larger than that reported for the two Pakistani families 4 and spanned 11.07 cM or 9.2 Mb delineated by D3S3617 and D3S1608, and the minimal critical region was 8.42 cM or 5.95 Mb between D3S1316 and D3S2394. The haplotypes and the map positions of the markers at the locus are given in Table 4 . The maximum two-point lod score obtained for the family was 1.65 at a recombination fraction of zero for marker D3S2326 (Table 4 ). Multipoint analysis gave a lod score of 1.91 around D3S1301. The maximum lod scores obtained in the analyses were much lower than the threshold value of three for accepting linkage; however, the available family members were too few to yield scores above 3.00. Nevertheless, this score was higher than that obtained for SCKL3 (1.12). Thus, Family 1 was very strongly indicative of linkage to SCKL1 as well. The patients in the other families were also analyzed for the entire SCKL1 locus and found not to exhibit any autozygosity for more than one marker for which the parents were informative. The exception was Patient 3 in Family 2, who was homozygous at the entire locus, but shared genotype with two of his unaffected brothers. His affected brother had a heterozygous genotype that was the same as the remaining unaffected brother.
Table 2 Map distances for markers and haplotypes for seven families at 14q
Is SCKL3 the predominant Seckel locus?
The linkage of Family 1 to both SCKL1 and the novel SCKL3 prompted us to analyze for SCKL3 the two consanguineous Pakistani families with two and three affected sibs who had been used to identify SCKL1. We wanted to rule out the possibility that SCKL1 might be a modifier locus only, rather than a locus that was responsible on its own for SCKL. Both families were found not to link to SCKL3.
Lastly, we investigated all families for linkage to SCKL2 at 18p, delineated by markers D18S78 and D18S866. We genotyped the patients using markers spread throughout the locus. The markers and their sequence map positions in kb are: D18S843 (8678), D18S1158 (10 799), D18S542 (11 550), D18S453 (13 001), D18S869 (19 814), D18S1107 (21 860), and D18S866 (23 101) in the order of telomeric to centromeric. The two outermost markers were outside the homozygosity region. Only two patients (Families 7 and 11), both single affected, were homozygous for two consecutive markers, (D18S1158 and D18S542) in both cases. The lod scores for Family 11 were 0.67 and 0.56, respectively, for the markers. For Family 7, one parent was informative for one of the markers and the other for neither. With no known parental consanguity, the lod scores were zero. Thus, only Family 11 was considered indicative of linkage to this locus.
Discussion
We investigated all 13 families for linkage to all three SCKL loci. Three of the four families that had denied parental consanguinity were uninformative, each having a single affected sib. The reason why we included these families in the linkage analysis was that, in our experience, most parent pairs originating from the same small geographical region have a high probability of having some degree of consanguinity, especially if they have sibs afflicted with a rare genetic disorder. Our results indicated that the novel locus was predominant. Patients from two pairs of families shared haplotypes, and these families originated from different parts of the country. Thus, a founder mutation should not be expected. Four of the consanguineous families did not link to any of the three SCKL loci. Therefore, further genetic heterogeneity for the disorder is evident. Recently, six informative families (one European and five African) were shown not to link to SCKL1 or SCKL2, 8 consistent with our findings that these loci were not predominant. However, whether SCKL3 is a dominant locus only in the Turkish population is an open question at present.
Only one of our families (Family 1) was consistent with linkage to SCKL1, and intriguingly, it also linked to SCKL3. One of the patients (Patient 3) in Family 2 was also homozygous at SCKL1. Whether this intriguing observation has any molecular basis cannot be resolved until both genes are identified.
The small size of the novel locus in the majority of the families was intriguing. Patients from all five families indicative of linkage to the locus were homozygous for at most two markers, except for Family 3, where homozygosity was 9 cM in one patient and at least 21 cM in the other. A narrow region of homozygosity is generally taken to indicate that there was also parental consanguinity a large number of generations ago, allowing several meiosis after the common ancestor carrying the original mutation. In that case, either a higher disease incidence or high embryonic lethality would be the underlying cause for the very low incidence. But only Family 2 reported miscarriages (three in total), and the fetuses had not been diagnosed. Underdiagnosis for the disease is another hypothesis; patients with no bird-face appearance could easily escape diagnosis.
Several observations on the phenotypes of the patients were worth noting. Some features typical for Seckel, such as the bird-head described originally by Virchow 9 as a prominent beaked nose, receding forehead and chin, and large bulging eyes, were not present in about half (8/15) of the patients. The patients in Families 2 and 6 had enhanced bird-head appearance, due to the way the head was positioned on the neck and to the much smaller size of the head in comparison to the neck and the body (Figure 2 ). This peculiar position of the head was not due to ptosis, as ptosis was not present. Also, the phenotypes of our patients were strikingly different than those of the SCKL2 patients, who had no receding forehead and heads not smaller as compared to other parameters. 5 However, a similarity was noted: Patient 9 in this study had café-au-lait spots as were also reported in all three patients in the SCKL2 family. The patients in Family 8 stood apart from the others with the severe mental and motor retardation that they exhibited. We noted a great variation in the phenotypes of the patients that linked to the novel locus. Great differences were also observed in brain CT investigation performed for five of our patients, who indicated linkage to SCKL3: cortical and cerebral atrophy in Patient 10 (Family 6), cortical hypoplasia in Patient 1 and agenesis of corpus callosum in Patient 2 (Family 1), and normal (apart from the small size) in the sibs in Family 3 (Patients 5 and 6). Various brain abnormalities have been reported for other Seckel patients; however, the gene locus was not known. 10 Marker D14S586 that delineates the homozygosity region telomerically has not been assigned to a contig yet; therefore, its exact distance to the other markers at the locus is not known. Both GDB and UCSC Genome Bioinformatics reported it to be just telomeric to D14S592. Thus, we evaluated the 1.18-cM region between D14S1429 and D14S997 for candidate genes. The two markers have been assigned to the same contig with 1.8 Mb in between (GenBank). Among the numerous genes reported to reside in the region, we assessed ménage a trois 1 (MNAT1) as the best candidate to be responsible for SCKL3. The reasons were that MNAT1 was known to have a role in DNA repair and marker D14S592 for which the highest lod score was obtained was located within the gene. The gene codes for a ring finger protein that is one of the three components of CAK kinase and functions in the assembly of the complex. 11 It has eight exons and codes for a 309 amino-acid peptide. Seckel and Seckel-like syndromes are suspected to arise from defects in DNA repair genes. Genes for two Seckel-like diseases, namely LIG4 6 and Nijmegen Breakage syndrome, 12 as well as the only Seckel gene 13 have been shown to indeed have such roles.
Our results indicate that SCK3 is more common than SCKL1 and SCKL2 in the Turkish population. This report will contribute to testing of Seckel cases for linkage to SCKL3. As the novel locus is rather narrow, the gene responsible for the disorder might be identified in the near future. Identification of the gene responsible for the disorder would facilitate elucidation of the molecular basis of the disease and screening patients for gene mutations.
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